Abstract Increasing population levels, growing economies, rapid urbanization and changes in consumption patterns have increased the demand for raw materials such as base and precious metals, leading to growing concerns regarding their availability and the global efficiency of the mine supply chain. Mine tailings, consisting of process effluents that are generated in a mineral processing plant, are generally transferred to tailings ponds/impoundments to meet environmental regulations and site-specific factors before discharge. Most mining activities induce an impact on their geochemical environment (e.g., water, groundwater) due to the presence of metal-rich tailing deposits. The need for a comprehensive framework for mine tailings management that promotes sustainable development is therefore becoming increasingly recognized by the mining industry. Therefore, for sustainable rehabilitation and disposal of mining waste, the sources and mechanisms of pollutant generation and their subsequent effect on environment and sustainable treatment methods are critical. This review includes information on different sources of mining waters and its effect on groundwater contamination and ecological effects. The review also encompasses a broad range of mine water treatment strategies available for innovative management of mining tailings with a specific emphasis on the role of nanoparticles in the management of mine waters.
Introduction
Water use and energy consumption in mining have been identified as two key business risks by the mining industry. Further, it is identified that future availability of water supply is a significant risk for the hard rock mining sector and a range of treatment methods for mitigating the impending risk are essential as competition for access to water increases with increased demand [98] . The risks are due to expected water shortages, increased regulatory limitations on water use, as well as other environmental aspects including environmental regulatory compliance and social licenses to operate (SLO). In recent times, many governments have embraced the concept of integrated water resources management (IWRM) in an effort to balance water allocation across competing social, environment and economic demands [1] . Further, mining, minerals and energy supply networks play an important role in IWRM implementation. Mine and other process operations effluent and tailings management systems can impose long-term and sometimes permanent impacts on water resources [7] , thereby impeding water accessibility for future generations. This is especially controversial when resource deposits are located in water scarce, environmentally or culturally sensitive regions. Water access by mining companies can also be controversial when the communities surrounding operations do not themselves have adequate access to freshwater for the sustainability of communities [45] .
Water management focuses on reducing mine water use and improving management by understanding independent aspects of mine water interactions, water and wastewater treatment strategies and efficient water use process schemes. Among those, the predominantly studied aspects are impacts of mining voids on water resources and surrounding water bodies, e.g., groundwater table drawdown and groundwater contamination due to mining activities [89] . Acid mine drainage, the leaching of mine drainage water, from waste rock piles, and release of untreated water from impoundments into groundwater aquifers are potential sources of water contamination from mines. Groundwater contamination is of particular concern where the groundwater feeds surface streams or lakes, or where the groundwater is directly a source of potable water for the community. Because of these concerns, groundwater contamination prevention is a component of modern mine design, and a network of groundwater monitoring wells is installed in order to assess the sufficiency of preventive measures and provide an early warning system for spills or leaks [54] . Once contamination is detected, a decision needs to be made on whether to initiate corrective measures and the type of action varies according to the type of contamination and its hydrogeologic and geographic settings. There are regulatory agencies in the international, federal, provincial and local level that have requirements to prevent or treat different types and concentrations of groundwater contamination. Further, in consideration of the future groundwater quality, the question is whether or not to take action that would partially or completely prevent continued or increased contamination.
Water endowments can also be affected by acid mine drainage (AMD), which can occur when minerals associated with ore bodies decompose in the surficial environment. Mining activities trigger this phenomenon by exposing walls of open pits, underground structures, and crushed waste rock and tailings to water and oxygen, which can generate AMD containing a number of potentially harmful constituents. AMD is among the most serious and potentially enduring legacies of the mining industry throughout the world [3] . The detrimental outcomes associated with AMD can impact three environmental areas such as (1) contaminated drinking water; (2) disrupted growth and reproduction of aquatic plants and animals; and (3) corroding effects of acid on infrastructure such as bridges, railways and ships. It was also reported that a region impacted by AMD often has a decline in valued recreational fish species such as trout as well as a general decline in outdoor recreation and tourism. AMD can have severe impacts on aquatic resources including (1) stunted terrestrial plant growth and can affect wetlands; (2) contaminated groundwater resulting in increased water treatment costs; and (3) damaged concrete and metal structures [27] .
Mine waters typically pose an additional risk to the environment as they often contain elevated concentrations of metals (iron, aluminum and manganese, and other heavy metals) and metalloids (mainly arsenic poses greatest concern [6] . Existing and upcoming treatment technologies to clean contaminated mine water can be categorized as active or passive treatment. Active treatment technologies require the input of energy and chemicals, and passive treatment uses only natural processes such as gravity, microorganisms and/or plants in a system. The treatment technology used for mine water treatment depends on different factors to be considered such as (1) the pollution level, (2) chemicals/biological materials required for treatment, (3) the water body size and (4) the required discharge water quality standards. In order to protect the ecosystem and end users or create public awareness on mining water effects, it is required to treat the mining water before further contamination to groundwater or surface water. Hence, the purpose of this review is to provide information on different sources of mining water and its effect on groundwater contamination and ecological effects. The review also includes different treatment options available for innovative management of mining tailings and the role of nanoparticles.
Source of mining water
It is important to understand the sources of water that mines use in their operations as well as the effluent discharged to the environment. Water is used in mining operations for processing of minerals, recovery of metals, dilution and to meet the domestic water requirements on site among others. A range of physical processes during mining operation that require water include grinding, flotation, gravity concentration, dense medium separation and hydrometallurgical processes. Further, to leach the gold-containing soil, large quantity of water is used in an open-pit gold mining system [16] . Due to the lower concentration in ores, gold, platinum, diamonds, nickel and copper are associated with the highest water consumption. Furthermore, more water is needed per each unit of production as ore grades are declining globally [58] .
To separate the minerals in a heap-leaching base, specific chemicals, including cyanide and sulfate, are used with water to wash the soil. In mining industry (mainly for extraction of minerals), water is used for different operational activities such as (1) transport of ore and waste in slurries and suspension; (2) physical separation of material such as in centrifugal separation; (3) separation of minerals through chemical processes; (4) cooling systems around power generation; (5) dust suppression, both during mineral processing and around conveyors and roads; (6) washing equipment; and (7) dewatering of mines [58] .
Another source of mining water is the water inrush from floor. Water inrush from floor, as a main form of domestic mine disaster, is an important topic of research in the field of mine safety. Statistics showed that the majority of water inrushes can be related to faults. Mining becomes more dangerous if the fault intersects a deep aquifer, which can reduce the strength of the fault zone, depending on factors such as the water wedge effect, water brushing and softening. Through detection, observation, monitoring, analysis and the experimental study of mine water inrush, significant progress has been made to understand the mechanisms involved in mine water inrush [39] , discrimination of water sources [38] , risk assessment and prediction of water inrush [99] , and numerical simulation of water-inrush mechanics and yield [95] .
Furthermore, another source of mining water is process residual tailings ponds. Mine tailings include process-affected water, containing dissolved metals and ore processing reagents and fine-grained ground-up rocks after minerals of value have been extracted from mined ore. In tailings pond, the residues are usually deposited as waterbased slurry before recycle/reuse or discharge to environment. To prevent the discharge of process-affected water of tailings pond to surface water directly, tailings ponds were first introduced to store the residue before discharge or reuse. Generally, mine tailings are disposed by different methods such as dry-stacking of thickened tailings on land, backfilling into abandoned open-pit mines or underground mines, and direct disposal into surface water [65] .
The mining industry's use and resulting impact on water can result in a range of environmental, social and economic risks. Communities staying close to mine sites must be concerned for the potential water contamination by mining activities and the security of their access to it. Further, to increase the public acceptance of mining, the mine tailings including the process-affected water must be treated for reuse or safe discharge to the environment [79] .
Groundwater and surface water contamination by mining
Mining affects groundwater and river water through heavy use of water in processing ore and through discharged mine effluents and seepage from tailings and waste rock impoundments. The high metal concentrations and acidity observed in waters from mining areas depend on several parameters and processes, such as the buffering capabilities of the host rock, ore deposits depth and permeability, and the type and abundance of the metal-bearing sulfides. Mining operation impacts on water contamination are shown in Fig. 1 .
Among the mining activities, sulfide mineralization is notorious for producing waters with high metal contents and effect the water quality of groundwater and river water. Process-affected water of sulfide mineralization contains arsenic which considered being toxic in the environment even at low levels. Arsenic contamination by mining activities is space confined, and arsenic content near to the mining sites reaches levels higher than the natural background concentrations [85] . Elevated concentrations of arsenic in groundwater are reported from several countries of the world such as India, China, Nepal, Vietnam, Argentina, Chile, Cambodia, Mexico and USA [14, 85] . Different concentrations of arsenic, uranium, selenium and sulfate observed in groundwater and surface water are presented in Table 1 (Kyrgyzstan) were studied by Alvarado et al. [4] . They observed that the groundwater near to the mining site has an elevated level of uranium (up to 10 lg/L), and in some sites, the WHO guideline value of 10 lg/L for arsenic in water was exceeded [4] . Salvarredy-Aranguren et al. [80] investigate the contamination of surface waters in the Milluni Valley (Cordillera Real, Bolivia) by mining wastes to identify contamination sources and sinks, and contamination control parameters. They reported that potentially harmful elements with significant high concentrations exceeded the WHO water guidelines for human consumption in discharge waters. They also reported that the oxidation of sulfide minerals in mining waste (highly acidic condition) favored the enrichment of dissolved metals in surface waters downstream from the mine. Contamination of groundwater in a part of Tarkwa mining area, Western Ghana, was studied by Bhattacharya et al. [13] . They reported that the main contaminants are manganese and iron, and in some groundwater samples, the concentration of arsenic and aluminum exceeded the WHO regulations due to the acid mine drainage. They also concluded that adsorption processes play an important role to control the metal concentrations in groundwater contaminated by mining activities. In Au-As mining activities, contamination of stream waters and groundwater by arsenic is a major issue. Adsorption and desorption are two of the major processes controlling arsenic mobility in soils, sediments and ultimately in groundwater and surface water. Arsenic [10] preferentially adsorbs on iron oxides, carbonates, clays and organic materials [85] . Sracek et al. [86] investigate the mining-related contamination of the Kafue River network in the Copper belt, northern Zambia. They concluded that due to the rapid precipitation of iron oxides and hydroxides as well as adsorption and/or co-precipitation of copper, and cobalt, the impact of mining activities on the Kafue River is relatively limited. Kayzar et al. [43] measured the uranium concentration in Red Rock Creek in the Stanislaus National Forest of California to investigate the leaching of uranium to the natural surface stream from a point source of Juniper Uranium Mine. They reported that as a result of minederived contamination, water ( 234 U)/( 238 U) ratios are 67% lower than in water upstream of the mine (1.11-1.12 ± 0.009) in the contaminated waters.
Among the different sources for sulfate emission into groundwater, coal mines and metal mines are considered as the main source due to the presence of large quantities of sulfide minerals [59] . Dhakate et al. [29] studied the impact assessment of chromite mining on groundwater through simulation modeling in Sukinda chromite mining area, Odisha, India. They reported that the concentration of Cr(VI) exceeds the permissible limits in some samples of groundwater, surface water and mine water and mine seepage. The Cr(VI) content was high near the ore bodies, and it decreased with distance away from ore body. In groundwater samples, the Cr(VI) concentration varied from 0.009 to 0.043 mg/L for post-monsoon period and 0.032-0.452 mg/L for pre-monsoon period. The variation in concentration of Cr(VI) was due to the migration of pollutant from waste rock dump during the rainy season.
Metal mining especially Pb-Zn mine severely contaminates groundwater quality. Concas et al. [24] studied the mobility of heavy metals from tailings to groundwater in a mining activity contaminated site and reported the contamination of groundwater became worse and strongly visible due to the red coloring of bed stream sediments as a consequence of abundant Fe(III)-hydroxides precipitation. The presence of elevated concentrations of heavy metals in groundwater and surface water near to mining sites raises the way to study different ecological effects of these contaminants.
Ecological effects
Most mining activities induce an impact on their environment (e.g., water, groundwater) due to the presence of metal element (ME)-rich tailing deposits [71] . The effects of contamination from abandoned mine waste occur at all levels of biological organization, and there are potential indicators at each level [22, 23] . Several indices are used to characterize environmental and ecological risks such as (1) sediment quality guidelines (SQGs) [87] ; (2) risk assessment code (RAC) [56] ; (3) risk index (RI) [74] ; and (4) the WHO standards. AMD releases significant amounts of As and metalloids to the environment through runoff and stream waters, soils, sediments and groundwater and further introduced into the food chain [92] . Further, different studies reported the adverse effect of mining activities on environment such as water and soil contamination and biodiversity loss [55] . The extension of agricultural fields and suburban development has encroached many mining affected sites worldwide creating a health risk to residents living there [100] .
Pascaud et al. [72] studied the risk assessment of Cd, Pb and Zn in Ghezini Wadi, northern Tunisia, contaminated by mining wastes in a carbonated semiarid context. The results showed that according to the ecological risk assessment, Cd is the element that presents a very high potential ecological risk from upstream to downstream and contributes the most to the RI index. They also reported that close to the tailings site, Pb poses a high ecological risk and toward the downstream sediment the risk declines considerably. Furthermore, risk assessment of copper in mining site was carried out by Bunton et al. [17] . They reported that in white perch (Morone americana), hepatic copper storage (Wilson's) disease is characterized by the progressive accumulation of copper in hepatic lysosomes bound to metallothioneins.
Besser et al. [12] studied the toxicity of sediments downstream of lead-zinc mining areas in southeast Missouri, using pore-water toxicity tests with the daphnid, Ceriodaphnia dubia, and chronic sediment toxicity tests with the amphipod, Hyalella azteca. The results demonstrated that toxic effects were significantly correlated with metal concentrations such as lead, nickel, zinc and cadmium in sediments and this is contributed to adverse ecological effects in streams. Allert et al. [5] studied the ecological effects of lead mining on Ozark streams and also conducted toxicity analysis of mining-derived metals to the woodland crayfish (Orconectes hylas) through a chronic 28-d exposure. They reported that the crayfish survival and biomass compare to reference and downstream sites were significantly lower at mining sites. Further, they reported that the higher concentration of metals at mining sites was negatively correlated with caged crayfish survival. The eco-toxicity of chromium mine waste using earthworm and microbial assays was carried out by Coller-Myburgh et al. [25] . They carried out a series of experiments to determine the effect of chromium mine waste on soil microbial community and soil invertebrate's activity. They reported that the chromium mining did have an eco-toxic effect on enzymatic activity, as the material which exceeded the Cr benchmark for microorganisms showed the least amount of enzymatic activity. Moriarty et al. [62] studied the arsenic toxicity in lake sediments affected by mining activities in the Quinsam River watershed, British Columbia. They carried out the bioaccessibility tests by considering the solubility and availability of arsenic to benthic organisms and reported that in sediment the bioaccessibility of arsenic is moderate (8-35%) . Further, they concluded that for arsenic sediment toxicity testing, amphipod, Corophium volutator, can be used as a promising candidate.
Although modern mining practices incorporate efficient extraction technologies and operate within environmental regulations, still many studies showed the expose of aquatic biota to mining wastes and its toxic effects. Oughton et al. [69] studied the ecological risk assessment of uranium and radium in Central Asian mining sites by using ERICA assessment tool. The ERICA assessment tool, a product of the 6th Framework project ERICA, is one of the most comprehensive assessment methods available for evaluation of the environmental risks of ionizing radiation. They observed that at many of the mining sites, the measured concentrations of uranium in aquatic plants were not in good agreement with the modeled concentrations in biota as the measured values of uranium were significantly lower than those predicted by the model. Further, they suggested more site-specific assessments of plants and other biota should be carried out since both mobility and bioavailability of uranium to many organisms at the site is likely to be dependent on water chemistry.
Further, using ghost crabs (Ocypode species) as biological indicators, Jonah et al. [40] studied the ecological effects of beach sand mining in Ghana. They reported that ghost crab densities and sizes were negatively affected by both small-and large-scale beach sand mining. Sediment grain sizes and erosion scarp height on beaches were also found to be negatively correlated with burrow density. The groundwater and surface water contamination by mining wastes and its adverse effects on ecology leads to observe different treatment options for mining wastes management before disposal.
Treatment of mining wastes
Most mines produce tailings as the final waste from mining the ore body, ore processing, and recovering the valuable metals and minerals. Mine tailings are the residue that results from mining, crushing, grinding and chemically treating the ore. The large volume of tailings leading to different environmental footprint in terms of both spatially the storage area and temporally the long-time scales over which tailings must be managed and rehabilitated [28] . Tailings management is a crucial issue in mining operations because of their irreversible impact on the environment. Soil and water quality degradation by current and abandoned mine tailings is a common environmental issue. There are various processes in management of mine tailings such as minimizing tailings production and increasing tailings reuse, adoption of a risk-based approach and considering relevant economic, environmental and social aspects.
Specific tailing properties need to be considered for the proper tailings management. Among the specific properties, for example the presence of sulfide minerals in base and precious metal mine tailings, and the presence of mineral solids in oil sand tailings that are extremely fine and do not readily separate from the process-affected water must be considered by the operator. However, the specific properties of tailings vary with ore type. Process-affected water in tailings pond generally contains metals and acid that must be neutralized prior to disposal. Sulfide mineralization remaining after processing of solid tailings creates a potential environmental problem. Pyrite which produces after deposition of sulfide minerals can oxidize in the presence of infiltrating rainwater or snowmelt to produce sulfuric acid and accelerate the leaching of metals from tailings. Further, the presence of other chemicals in tailings such as surfactants, leaching agents, reagents, solvent extractants, oxidants and other additives in the mining operations also needs to be treated before discharge of tailings [77] .
Environmental assessment and regulatory processes that different organizations employ to ensure that the environmental effects of proposed mining projects are identified and the significance of those effects are included in project design prior to regulatory approval must considered tailings management facilities as a key element. Different approaches have been carried out for efficient tailings management. Change in mine tailings properties after application of biochar as a phytostabilization technology was studied by Fellet et al. [32] . They reported that increasing the biochar content in the substrate leads to increase in the pH, the nutrient retention in terms of cation exchange capacity and the water-holding capacity of substrate. Further, they reported that the bioavailability of Cd, Pb and Zn of the mine tailings decreased with increasing the biochar content in substrate. Further, they reported that to establish a green cover in a phytostabilization process of mine tailings management, the effect of use of biochar may be considered as an effective option for mine wastes management. Biochar is become a promising heavy metal adsorbent due to its abundance of polar functional groups, such as hydroxyl, carboxylic and amino groups. Biochar has many properties, such as a relatively structured carbon matrix, high degree of microporosity, extensive surface area, and high pH and cation exchange capacity leading to make it a good adsorbent.
Further, Lee et al. [49] studied the effect of phytostabilization process on metal availability and mobility in mine tailings produced during Pb/Zn mining. They reported that risk of mine tailing was successfully controlled by aided phytostabilization and Fe-rich amendments acted as excellent stabilizers of heavy metals in mine tailing. Further, Li et al. [52] studied the microbial diversity and functions in weathered and neutral Cu-Pb-Zn tailings with native soil addition. They reported that in highly weathered and neutral Cu-Pb-Zn tailings, the native soil inoculation approach may be used to fast-track the establishment of native microbial communities and initiate the rehabilitation of biogeochemical processes in the engineered soil for establishing native plant species. A recent study by Cele and Maboeta [18] on properties of biosolids and plants on physicochemical conditions of iron ore tailings showed that biosolids and plants are able to improve conditions related to iron ore mine soil fertility and recolonization of reclaimed sites may be affected by higher metal concentrations.
In order to select one or more AMD control methods for mine operation and closure, different management options should be assessed and compared with respect to their potential environmental impacts. Comparisons are most often based on cost, as well as social impacts and environmental effects. Meschke et al. [57] studied the use of a rotating microfiltration system for the treatment of AMD produced by opencast lignite mining. They reported that to increase the solid content as well as to remove iron hydroxide from AMD, integration of a rotating membrane module may be considered as a suitable option. Neutralization and toxic elements removal from AMD with unmodified and modified limestone was reported by Lakovleva et al. [48] . They reported that for AMD neutralization, the modified limestones can be used as well for the removal of Fe(III), Ni(II), Cu(II) and Zn(II). To treat AMD, different conventional techniques are used such as neutralization and precipitation followed by settling of the precipitates in tailings pond. There are different methods/ techniques used for the neutralization of AMD as well as recovery of metals from AMD such as lime [82] and limestone sand [93] , fly ash [36], natural clinker [78] and lignite [63] . AMD management by using lime stone is shown in Fig. 2 . For the treatment of AMD and metal sulfides recovery, Xingyu et al. [97] used a novel low pH sulfidogenic bioreactor using activated sludge as carbon source. They concluded that a sulfidogenic bioreactor process would be a viable method for the treatment of AMD. Sulfidogenic bioreactor processes have three potential advantages over passive biological remediation such as (1) more predictable and controlled performance; (2) selectively recovered of heavy metals, such as copper and zinc from AMD; and (3) significant removal of sulfate from processed affected water. Lee et al. [50] studied As(III) and As(V) removal from the aqueous phase via adsorption onto AMD sludge alginate beads and goethite alginate beads. They reported that the manganese oxide present in the AMD sludge enhanced adsorption capacity of As(III) due to oxidation to As(V). Further, they concluded that for the treatment of water contaminated with As, AMD sludge alginate beads may be used as an efficient adsorbent.
Nanoparticles role in mining
Mining industry has been increasingly involved in nanoscale research, by combining the knowledge of ore properties and extraction methods with the application of nanoengineering. The remediation of AMD waters (pH 2.3-4.5) contaminated with a suite of metals (Cu, Cd, Ni, Zn, Hg, Al, Mn and As) by treating them with granular zero-valent iron was studied by Kim et al. [46] . They found that metal removal and acid neutralization occurred simultaneously and most rapidly within the first 24 h of reaction and metal removal was most effective in solutions Fig. 2 Treatment of acid mine drainage (AMD) by using limestone that are highly unsaturated with respect to pure-metal hydroxides. Further, use of zero-valent iron and nanosized magnetite with surface coating was studied to enhance the mobility for treatment of mine tailings contain arsenic [46] . They reported that the concentrations of arsenic in leaching solution from mine tailings were significantly reduced after stabilization with nanosized zero-valent iron coated by sodium dodecyl sulfate and nanosized magnetite coated by sodium dodecyl sulfate with a 0.34% iron/tailing ratio. Role of nanoparticles in controlling arsenic mobilization from sediments near a tailing site was studied by Dong et al. [31] . They reported that the additions of nanoparticles (e.g., SiO 2 , Fe 2 O 3 and Fe 3 O 4 ) could potentially change the composition of sediment bacterial community and further increase the abundance of As(V) and Fe(III) reduction bacteria.
Cyanide de-toxification of mining wastewaters with TiO 2 nanoparticles and its recovery by electrocoagulation was studied by Parga et al. [70] . They reported that photodegradation of cyanide is 93% in 30 min using a 450-W halogen lamp and the recovery of anatase with the electrocoagulation process is 98%. They further concluded that this technique has the potential to serve as a reliable and economical method because sunlight can be used efficiently as the power source. Pollmann et al. [73] studied the application of metal binding by bacteria in bioremediation and nanotechnology in uranium mining waste piles. They reported that in the uranium mining waste piles, higher concentration of toxic metals such as U, Cu, Pb, Al and Cd are accumulated in the cell isolates of Bacillus sphaericus. Further, they found that bioaccumulation of metals in the cells serves as a biotreatment for uranium contaminated wastewater, the recovery of metals from electronic wastes as well for the production of metal nanoclusters.
Wu et al. [94] studied the synthesis of Fe 3 O 4 magnetic nanoparticles from tailings by ultrasonic chemical co-precipitation. They reported synthesis of Fe 3 O 4 particles with 15 nm diameter exhibited super-paramagnetic behavior, and C 12 H 25 OSO 3 Na was added as surface active agent, assisting to obtain Fe 3 O 4 nanoparticles with homogenous size and shape distribution. Cheng et al.
[21] studied the efficient recovery of nanosized iron oxide particles from synthetic AMD water using fuel cell technologies. They reported that the fuel cell technologies can be used for AMD treatment and power generation. They demonstrated that nanosized iron oxide particles can be synthesized from synthetic AMD water using fuel cell technologies and further used as pigments and other applications. Giri et al.
[35] studied synthesis and characterization of magnetite nanoparticles using waste iron ore tailings for removal of dyes from aqueous solution. They suggested for possible large-scale application of waste iron ore tailings to synthesize a value added product to treat the wastewaters.
Further, synthesis and characterization of magnetic nanoparticles and their removal capacity of metals from AMD was studied by Kefeni et al. [44] . The study showed that treating AMD with magnetic nanoparticles accelerated formation of ferrites; as a result, magnetic moment of ferrite sludge produced was increased and there may be possibility of synthesis of magnetic nanoparticles from real AMD under cost-effective process by optimizing pH, temperature and string time.
Further, some studies reported the development of nanocomposites using materials from mining industry. The development of cluster assembled materials with size-selected nanoparticles shows great interest for fine-tuning of the properties of the nanoparticles. Vitor et al. [91] studied the adjustment, start-up and long-term performance of a two-stage bioremediation process, treating real AMD, coupled with biosynthesis of ZnS nanoparticles and ZnS/ TiO 2 nanocomposites. They reported that zinc sulfide nanoparticles, both in pure form and as a nanocomposite, (ZnS/TiO 2 ) can be synthesized by using the treated effluent, with excess of biologically generated sulfide. They concluded that the synthesis of zinc sulfide nanoparticles provides the feasibility of coupling an AMD bioremediation system with the synthesis of metal sulfide nanoparticles and nanocomposites. A review by Gamaleia and Shton [34] presents the application of gold mining (gold nanoparticles) for the treatment of photodynamic therapy of tumors (PDT). They concluded that it is feasible to construct gold-containing nanocomposites with higher photodynamic activity and at the same time meeting prescriptive drug requirements. Further, a study of gold grains from tailing piles showed that different factors such as cementation, iron and manganese hydroxides coating, amalgamation, grains growth due to gold particles adsorption and chemical alteration of intermetallic components are directly related to the gold nanoforms modification [15] . Benavente et al. [11] studied the sorption of heavy metals from gold mining wastewater using chitosan. They reported that chitosan is effective to remove metallic ions [Cu(II), Hg(II), Pb(II) and Zn(II)] above 70% from gold ore tailing solutions containing cyanide. Further, desorption studies revealed that the type and concentration of the regenerating solution [H 2 SO 4 , HCl, (NH 4 ) 2 SO 4 , NaCl and NaOH] directly control the regeneration of chitosan saturated with these metallic ions.
Nanoparticles also referred to as ''ultrafines'' in iron ore tailings have been a source of increase total suspended solids and resulting clays that cannot be easily separated from tailings ponds and impact the discharge waters from tailings ponds. A study by Kotlyar et al. [47] concluded that a high water-holding capacity of oil sands fine tailing was due to the presence of ultrafine (\0.2 lm) clay fractions. Hence, the application of nanotechnology in mining industry may include different steps such as (1) recovery of metals or metal nanoparticles from mining tailings; (2) the controlled synthesis of metal nanoparticles of well-defined size, shape and composition; (3) nanoparticles incorporation to desired implant surfaces; and (4) synthesis of metalbased nanostructured composites for biomedical and industrial purposes.
Conclusions
Mine tailings characteristics can vary greatly and are dependent on the ore mineralogy together with the physical and chemical processes used to extract the economic product. Mine tailings entail both an accumulation and a potential subsequent emission source of trace elements (Cu, Fe, Pb, Zn, etc.) with formation of AMD due to the lack of an appropriate extractive technology during the time they were exploited. Potential environmental and socioeconomic considerations need to be balanced to ensure that disposal and storage of tailings occur in a sustainable and responsible manner. Existing strategies for managing tailings are to eliminate or reduce discharge of process-affected water, recovery/removal of metals, to manage dust, and to produce stable landforms within the surrounding environments. Mining tailings pose a high potential risk due to poor water management, failure of the tailings disposal method applied, dam failure and natural disasters.
Considerable focus has been directed toward the development of technologies for the proper management of mine tailings. Nanotechnology plays a greater role in removing heavy metals from AMD and also has value in the secondary recovery of valuable metals from mining waste streams, helping reduce mining's environmental impact. Knowing of the processes occurred in the mine tailings deposits would allow to better assess the level of environmental hazard, suggests the remediation method and/or potential of reuse of the residual materials. Further, enhanced tailings management approaches should necessary to improve the environmental outcomes and reducing overall costs for tailings management systems, as well as minimizing the time required for long-term monitoring and maintenance. 
